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NATICNALJJ)VISORYCOMMITTEEFOR AERONAUTICS.

TECHNICALNOTE1?0. 1055

COW?ARIS@NW T’KO-DIMEIWIOKALAIR FLOWS ABOUTAN

NACA 0012 AIFYOILOF 1-IIWHCHORDAT ZEROLIFT

IN .OPENAND CLOSED3-INCH JETSAND CORRECTIONS

FC)R JET-‘E?OUNDARYTNI!ERFERENCE

By Ray H. Wrightand Coleman

--

duP. Donaldson

Pressuredistributionsand,schlierenphoto~aphs
for theh3&h-speedflow abouta symmetricalairfoilat
zero liftin open and closedjetsare analyzedto show
the natureof the jet-boundaryinterference.Application
of the theoreticalturmel-wallcorrectionsbrous+tthe
resultsfor the open-tF.roatah closed-throattunne1s
into approximatee agreement. ~ne streamMach numberi-n
the closedjet was liritedby tunnelchoking. In the
open jet,althoughthe theoreticalinterferencewas less “
than in the closedjet,unsteadinessconnectedwith the
jet-boundaryconditionslimitedthe usefulnessof the
resultsat high Machnumbers.

INTRODUCTION - .

In orderta correlatewind-tunneldata with we
free-flightperformanceof aircraft,correctionsfor the
influenceof the free or solidbou.nd”ariesof the tunnel
air streamw.ustbe appliedor must be shownto be negli-
.gibla.Theoreticalcorrectionsapplicable“withincom-
pressibleflowhave long been known.and have been checked -
by experiment.Theoryfor the effectof.compres9Ebility
on the cor~ectionshas recentlyW.en“deWeloped,but this
theoryhas not been fullyveriftedby experimentnor ha”va
the limitsof applicabilityof the theorybeen established.
The tests.ofthis,investigationof an NACA 0012 airfoil
in open-tkw?fitand clo~ed-thpiat~tiels were ex~G6tedto
indicatethe applicabilityof tie theoreticalcompr8ssilx13fby

.

.-

.



.2 NACATN ~~0. 1055

el’feetcn the sali.d-constrictioncorrectionand to s-/
establishthe orderof tiagntiudeof the solid-canst.riction
correctionat tjne.hl.ghest?@chnumber”attainablein tile *-
closedtunnel. Inasmuchas the theoreticalso”li5-
c’~nstrictioncorrectionsare of oppositesignfor open-
throatand closed--hhroattUn-n-&ls-,tliaco”ific~denceof
the theoreticallycorrectedresultsfor an airfoiltested
in onen and closedjetsof the samesizewouldconstitute
evidenceof the ~alidityof the theoreticalcorrections.
In the theoryemployedin the analysisof thedata, the

-.,

dimensionsof.themodelare assumedto be smallin com-
narisonwith thoseoflthe tun~.el,The oxaenimental
arranger~nt–satisfiedthisassumption.The experimental
workwas done In the.Langleyl-ihchturbine-element
testingapparatus,for v;htchin thesetests~,het~lroat
W&iS1 by 3 j,nche~, —
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parameter.degending~n.airf~i.lbaseprofileshape
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wallsof jet “
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Cartesiancciordinates,orieiltationdefinedwhereueed

polarc~ordinates,orientationdefinedwP,ereused

staticpressure ‘ z

totalpressure —. :
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speedof sound .-.—

Mach number,valuein the Wdisturbed“stmmmunless
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Ah! Machnumber increment .

R Reynoldsnumber

Y ratioof specificheat @t constantpressureto
specificheat at constantvolumefor air

a angle‘ofattack

cd sectiondrag coefficient

Subscripts:

i

c

o

a

b

1

2

3

4.

5

av

ch

z

inacmrpressible

compressible .

undist~bed stream

at arificea

=at orificeb

incrementat orificesa and b.due to firstpair
of doubletimages{imagesA and“Alof f’ig.7)

incrementat orificesa and b due to secondpair.
of doubletimage?(imagesB a@ B!,of fig.7)

increnymtat orific,esa ard b due to all doublet
imagesexceptfirsttwo pairs

totalinorementat orificesa or b due to all
..doubletimages

to,talincrementat pos,itionof”modeldue ‘toall
doubletimages -.

aver,age.valuebetweenorificesa and b . -.

cholcing ,.
,,

local 0 ,,.

corr valueswith solid-constrictioncorrectionsapplied

cr criticalvaluecorrespondingto first .attal~en~___
of speedof soundin flow ffeld



., ,-,

err effectivevalue(allcorrectionsaopliedIncluding s:
directmodelinterferenceat calibrationorifices)

APPARATUSANI)XETEODS

Becauseschlierenphotographsof the entireflow
fieldaboutthemodel airfoil.in the ttinnelwere desired,”
the apparatus1~.sedto simulateboth the open-threatand
the closed-throattunnelwa9 of necessityquitesmall.
The testa“.~gc.ratusis shownin fi~ure1.

A EII:.?TII:;cf compressedair,valvedinto the settling
chamber~ wasFessedthrougha numberof fine scregnsand_
was con~ra~te<into the te3tsectidn.’The upper and
lcwerwallsof the test sectionwere.interchangeable
woodenblocksshapedto simulateeitheran oPen-throat-
or a close~-throattunnel. ‘Theverticalwallswere alao
interchangeable.T%e test airfoilequippedwithpressure-
distrlbuti.on orificescouldbe mountedbetweensteel
nlatesthatwere alsoequippedwith pressuraorifices
(seefi~.2) for measuringthe flow veloc!it-iesand for
setti~;the angleof attack. This setupWQS provided
with a sfmpleyokemechanism(fig.1) so thatit-heangle
of’att~k couldbe adjustedv:hi.lethe tunnelwas in
operation The slmml~lat~scouldbe renlacedby plate-
glassframes so thatthe entire.fieldof flow couldbe
photographedby use of a schlierentechnique.~,’orthe
schliorenphotographs,the airfoilwas held in place
mafnlyby fricti~nand the angleo: attackwas adjusted
betweenrunsby trialand error. ~“

The modelusedwas an NACA0012 =rfol.1of l-inch
spanand l-inchchord, One surfacewas equippedwith nine
pressureorifiz9sat points7.5> 1-7.59~7e5j.5795947s5J
57.5,67,5,77,5,RnclG7.5percentchord-fr~mtha..le~di~.
edge, The tunnelheiqhtfor-boththe open-throatand
closed-throattunnelsin all testswas 3 inches. The
ratioof the modelthicknessto the tunnelheiEhtwas
thus ; = 0.04 and appreciabletunnelcorrectionswould
:>eexnectedeven at low speeds. With this arrangement
the Reynoldsnumberat—theairfoilcriticalspeedwas
approximately~~9,0W.

.
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Yachnumbers M at variouspointsin the tunnel
were obtainedfrxn‘thetotalpressure H and the static
nressure p by tiseof the relation ,.-

“ =\m
(1)

where Y is the ratioor specificheats. ?3ymeans of a
calibration,the totalpressurewas knownas a function
of thegl%ssurein the settlingcham5er;the static

-.
nressures.~meremeasuredin the usualwa~ by tneanso-f”~ ‘— ---—
manowe-ter.o

‘The tunnelMach numberwas takenas thatcorresponding .-
to tjlepressureat orificea, whichwas in the tunnelside
wall at a,point,1.375inchesupstreamfrom the ie’d~~”’ “
ed<eof themodel (fib.2). Pressuredistributionsat
the surfaceof the rodelwere‘takenat twine-l?Jqch‘numbers
ranging,from0.35 to 1.0 in the ope~jet and fro”m0“,35
to 0,797,whichwas tlhechokingMach numbepjin tineclosed
,jet.The pressureat,orificeb, whichwas in the tunnel
sidewall at a ~oint 1.375inchesdownstreamfrom the
traili.~edge (fig,2), was alsomeasured...

The angleof attackwas adjustedto O0 tifaccurately
balancingthe pressuresat two orificessymmetrically
locatedaboveand belowthe airfoil(fig.2). The adjust-
ment was made on a sensitivealcoholmanometerand at a
tunnelWch numberof 0.60.

.-
.,

Scb-lierenphoto~.raphsof the flow in bothopenand
closedjetsworemade for the sameMach.numberrangesas
thoseof thenress”ure-distributiontestsbut were ~mt
takensimultaneouslywith these. The schlierenmethod
(methodof striae)is describedfl.nreference1. In the -.
presenttests,lenseswere replacedwithmirrors.

TEST RESULTS ---- -

The ur~ssuredistributionsare presented_asthe
ratiosof”tbelocalstaticpress-~reto the t6talpres- .-‘-- ‘
sure p#H ● The prqssureratiosplottedagalnstthe
distance~rom the leadinged~e expressedin termsof
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the chordfor varlouatunnelMach numbers Ma in the
closedtunnelare givenin fi:ui’e3C A similarplcbfor
the open jetis presentedin figure4. The orL.fLces

~7*5, and 67*5p~rcmt chordwere foundto beat 17*5, ,
plu&godor .leaki-ngand the pres3uresat theseorifices
are thereforenot presenteclcAti.ditionaluressuredata
were takenin the open jet but were fo~md”to be incom-
pletoand couldndt be analyzed.

The schlierenphotograph.sof theflow abouttha alr-
f’oi.lin the closedand open jetsare shownas fi~uras5
and 6* The Mach nunbersfor thesefl.qmesUG tho tunnel
i}~achnumbers M and the an.glcof attackis O“a The
schlierenaotupwas so arrsu?gedbhatlightregionsindic-
ate increasingdensitydownstream(compression)and d~rk
r~qf.()~s,decreasi~ Clensit&downstream(expansion).
l?ecausea shockwave Is a corrnrossi.on,it awmars as a
li~htline oftenf’ollawe.itby a paralleldark strip. ‘Iho
photor;raphsof fi~uras5(i?),5(3..),5(j),5(o),W@ 5(P)
were ttil:enwith the schlierensystema5.just.3dfor qroater
sensitivitythan it was for the”ot+erphoeograp.hsof thb
sorii3se In the photo;~rayhsof themodel in the closed
jctt(i’i~~~)~ theup~m~a..and.lowerboundariesof’hhe photo-
graphsre~rcsentthe tunnelwalls. In the phobo.jraphs
of’thefiodelin the open jot (rig.”6).,the u?P;~;y~.
I.ow+rbc~daries are s~.ownby vcrt”oxsheets.
achllsrenphoto~raphstheflow.diractionia fro.nleft to
right.

ANALYSISAXD DISCUSSION

Ap~l,j.catj-onorJet-30mdarj--Interferenc9Th~ory

The.theor~used ‘inthe snolvsf.sof thedata is
containedin the referencesand is not remated herein;
the applicationof the theoryis, howevar;@cscribed.
The followingcorrectionsmust .beapplied? (a)a correct-
ion for the tunnel-wallfi~terferenceat tha positionof
themodel, (b) a correctionfor the interftirenoe6f the
model at the calibrationorifices-usedfor dct~rmlnl.ng
the tunnelvelocityand Mach numtmr,and [c)a correction
for thewall interferenceat theseoriflms. In addition,
for the presenttests,the oxist~~ncoof a Pressure
Gradientin the tunnelis takeninto accountalongwfth
the correctionsdue to interference.The theoretical

.
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tunnel-wallinterferenceat the positionof the~odel is
treatedfirstand the orderor maghitudeof the corrsc-
t.ionsinvolvedis investigated.Th? influenceof the
model aloneat the calibrationorificesis discussed
next. The pressuregradientand part.OF thewall ~~ter- .. ;
ferenceare then shownto be approximatelytakeninto
accountby averagingthe pressuresbetweencalibration
orificesequidistantfrcsnthe leadifigand trailingedges

—

of themodel, Finally,the”remainingpart of the i.nter-
fezenceat the calibrationori~icesand at themodeI is
calculatedand the correctionsapplied. ~ ....

Theoreticaltt~el-wall”interference .- TWO typesOf
,, wall interference,solidconstrictionand wake constric-

tion,affectthe two-dimensionalsubsonicflow abouta
symmetricalairfoilat zero lift i-n-a tunnelwith solid
boundaries. The presenceof the rigidboundariesprevents
the lateralexpansionof the flow and thus increases

----

the effectivestreamvelocities(andMach numbers)in the
vicinityof themodel. This”t-ypeof wall interferenceis _<+
referredto hereinas ‘tsolidconstriction.ftThe wake due
to the airfoildrag occupiesa ragiunof low velocity

. behindthe airfoil. Again the rigidboundariesprevent
lateralexpansionsuchas would occurin an infinite
streamand the continuityconditionof constantmass flow. throughall crosssectionsof the tunnelrequiresthat
the velocityoutsidethe wake be greaterthanif thewall
constrictiondid not occur. Thiseffectis termed‘fwake
constriction.11 Both typesof interferenceresult@ an
effectiveincreasein velocityand Nach numberat the
model, For a symmetricalairfoilat zero lift,the
assumptionis made in the theory*hat”a correctionto
the indicatedtunnelvelocityis the only tunnel-wall
correctionrequired. The density,.dynamic“pressure,
Machnumber,and Reynoldsnuder must, of course,be
correctedaccordingly. .,

In a tunnelwith‘fi’e”eboundaries,the lateral
expansion of the flow aboutthe airfoilis greaterthan
in an inflnitiestreamand the velocityin the vicinity
of the airfoilis thereforereduced. Themagnitudeof
the solid-constrictioncorrectionin an apen”jet is only
one-halfthatin the closedjet and-thewakeconstriction
is negligible.

‘ The tunnel-wal>-correcti-cm”theory,applicablewith
incompressibleflow is developed&.nr-eference22
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;:ptis~o%0.57. The solLd-constrictioncorrection,
the velocityincrement AV t-obe addedto

indicat~d“tunnelvelocity,is Shownto”be, f’orthe
closed-throattunnel,

,il-
Av=l-F.t2o /:F;\~

—z,-

V. 12 h .

and,for the open-throattunnel,

(3)

m

where

V. tunnelvelocity

t thiclmessof airfoil

h tunhelheight

L parameterdependingon airfoilshape

With“com”pressibleflow,formulas(2) an’d(3) suffer
importantchangesdue Lo.compressibilityeffects. ,The
most completeavtiilabletheoryof thbcompressibility
effE?CtS 011two-dimensionalt~nel-wallinterferenceis
containedin reference3,”in which thevelocity-
interferencecorrecticmfor solid.constrictionin the
closedjet are shownto varyas ,.1 The theory ~ ‘

(1”:1:2)3/2‘
of reference3 is applicablealso to “thesolidconstriction~
in the.open-throattunneland the compressibilityeffeck ~.
in the open jet–tsthe sameas that in the closedjet.
In compressibleflow,.formulas(2)snd (3) bherefore
becowe,for the closed-throattunnel,

I

.%
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where M is the streamMach rmnbercorrespendingto V..

The wake-constrictioncorrectionfor the closed-
throattunnelwith the compressibilityeffectincluded, -
as takenfrom equation(23)of reference3, is

where cd is the sectiondrag coefficientbased on the
airfoilchord c. Withinthe accuracyof the other
approximationsemployedherein,the apparentvalueof cd
ratnerthan the correctedvaluemay he used. The solid-
constfictioncorrectiondecreasesvery rapidlyas the .
sizeof themodel is decreased~f’orthis correctionis

-:
—

proportionalto the squareof’the ratioof themodel
dimensionsto tunnelheight;thewake-constitution .
correctiondecreasesmuch lessrapidly,for it variesas
the firstpowerof the ratioof modeidimensionsto
tunnelheight. It willbe observedthatthe theoretical“’
compressibilitycorrectionfor wake constrictionis
differentfrom thatfor solidconstriction.

An estimatecan now be made of the relativemagni-
tude of the two correctionsin the closedjetwith a low
valueof the Mach number. witha Mach numberof 0.5,
the velocityis approximately560 milesper hour,which
correspondsto a Reynoldsnumberfor the l-inch-chord
airfoilunder standardconditionsof about R = 295,000,
or ‘logR= 5●47●

From figure148 of reference4 the
drag coeff’i,ci.entcd at thisReynoldsnumberis of the-
orderof 0.01. iiith C“= 1 inch and h = 3 inches,
equation(6),when the effectof compressibilityis not
takeninto.account,is
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.

For the NACA 0012airfoil, ~ = ~~.12 (reference3) md
the thicknessof t-hel-inch-chordairfoilis 0.12inch
sc that the 9Glid-Constrictioncorrectiongivenby

.,

equation(2)is –.,

I
I11!

The estimatedsolid-constrictioncorrectionis nearly
seventimes theestiw.atedwa?~e-const.rlctioncorrsation. .X
At Nach numberslar.qerthem bl~ecritica”l,howevor,tlflo
dragmay increasegreatlysnd the sizeof the solid-
constriciloncorrocticnnay be exceededby thabof the

—

wake-constrictloacorrection.

me correctionsin equat~cns(k) to (6)are to be
apvlied‘to.the vel~cit:fin a ~arallelchannelwithout
bmmd.arvlay~rand at an infinitedistanceupstresx”
fro}~ther.odel,wherethe influenceof themodel is
negligible. .Practically,the ef’f~cto“fthetmndary
layer3.skept smallby limitingthe lengthof the test
sectionof the tunnel,For theboundaryl-ayeris pre-
vantedin thisway frombecomingvery thick,and corr9c-
ttonsare appliedfcr any velocitygradientproducedby
boundary-layerdevelopmentor wall divergenceor bo~h.
In .anypracticalcase,however,the’influenceof themodel
a: uhe orificesused to determinethe tunnelvelocity

.

may not be negligible,and accountmustbe takenof this
interference. “



●
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Influenceof model aloneon velocitiesat calibration
orifices.- In th” presentteststhe tunnelvelocities
were detem~inedfrommeas,urementstakenat orificesa
and b as ,previouslydescribed. (Seefig.2.) Consider
the consequencesof basingvelocitiesand Mach numbers
cm pressurestakenat theseorifices. Supnosefirst
thatthe airfai.1is placed’inan inf’inite,uniformstream
of veloc~ty V ..

9
The airfoilcanbe representedby a

distributiono_.sourcesand sinksof totalstrengthzero.
With sucha dtstributi.onrenres~ntingthe NACA 0012air-
foil,the velocitiesfor in~ompressibleflow“atorifices”a
and b were found to be

and

()AVK ia
= -o.oo~El ..(ca)

(lo)

.

From the firstof equations(AIO)of reference3, these
incrementsare expectedto increasewith Hach numberby
the factor

J+
-...~~2“ .

The velocitiesat orificesa andb are affectedby
the wake also. It is reasonableto supposethat the
effectof the wakemay be representedby a distribution
of sources,sinks,and vortices. The vorticitycornfng
off the upper surfaceis equalin magnitude.but opposite
in signto that comingoff the lower-surfacearidthe
positiveand negativevorticitiesrapidlydiffuseso
that,if thewake is not excessivelylargeand violently
fluctuating,theeffectof the vortic”itya shortdistance
from the airfoilis negligible. The sinkdistribution”

—

as shownin part II of reference5 is due to thewake
‘dissipationbehindthe airfoil. At a conside~able .—
distancefrom the airfoil,the combinationof’sources
and compensatingsinlkshas approximatelyth”esameeffect
as a doublet. In the representationof thewakeshowever, i —

Vocdc
the sourcesexceedthe sinksby -~ (;efererice5,

part II). Becausethe sum of the compensatedsinks
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cannotbe as greatas tb~isvalueandbecausethe induced 3“
velocitiesdue to a so’.mceand to a do-ibletvary
inverselyas the firs”tand sec-ondpowersof the distance
from the positionof the sourceand doublet;respectively, *
the velocitiesipducedby thewake at orif$c~scaandb

odare due mainlyto the sourceof strength —
2“

If,instead of a sourcedistribution,a single
J..1I

$.30ur”ce ZQsxE:of strength ~. .s assumedto be concentrated

,atthemidpointof the airfoilchord,the inducedvelocities
at orificesa andb with the previouslyestimateddrag

—

coefficientpf 0.01are (includingthe compressibility
effectgivenby equations(A1O)and (20)of reference3)

and

]. + c)*t@- 0.01(1)=
lJf- 4n(-1.s75)

(11)

(12)

where x is the distancefrom the sourcemeasursd
positivealongthe,cho~d,inthed.recti.onof the’.f’ree-
streamvklocity Vo. Becauseof the increasein drag,
coefficient,thesevelocityincrementsmay be greatly
increasedat ‘Machnumtmrs.largerthan the criticalbut

a

.

.,
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*

. .

will stillbe smallin comparisonwith the stresmvelocity.
With smallinducedvelocities-,the pressuredifferences
are proportionalto the velocityincrementsand,because
the inducedvelocitiesat orificesa and b due to the
sourceat the originare oppositein sign,the velocities
and Mach numberscomputedtrom the averageof pressures
at orificesa.andb are automaticallycompensatedfor
the effectof the wake at themeasriringorifzces.
Becausethe effectof the actualwakemay not be
accuratelyrepresentedby a sourceat the origin,the
wake effectwill not be exactlycompensatedbut, at
‘leastwith Mach numbersless thanthe critical,the
errorinvolvedis believedto be small. Correctionfor
the errorgivenby equations(9) snd (10),whichinvolves
additionof a velocityincrement

~v = 0.00.48 +- 0,0040
V. 2&’2 ‘

(13)

to the stresmvelocitydeterminedfrom the averageof
pressuresat orificesa andb,shouldthereforeyielda
goodapproximationto:thetruevelobityof the infinite
stream.

Correctionsfor wake and wake-constrictioninter-
ferenceand for pressuregradient-- Supposenow the air-
foil is placedin a closed-throatwind tunnel. As shown
in reference6, the wall interferencedue to wake con-
strictioncanbe representedby means of sourceimages
in the tunnelwalls. The velocitiesat orificesa andb
wI1lbe affectedby theseimagesas well as by the ~ource
representingthe originalwake. Frome uations(21),

2(23),and (25)of page 34 of reference , the velocity
at orificeb due to the source y and its imagesis

(14)

or with cd = 0.01, c = 1 inch, h = 3 inches, and
x= 1,875inches



... AJ = 0.01
.= .(l~32~+ 0.754.)““-V.

= 0.00087 (15)

whichis abouttwicethe valueobtainedwithoutthewall
interference. At orificea the inducedvelocitydue to
thewake and its ima~esis thenegativeof the value
givenin equation.(15). Becausethe anglebetweenthe
streamdirectionand the radius_vedtorfrom any imageis
the samefor orifices as for orificeb the compressib~ty
effectgl.venby “equations”(All)and (201of reference3
is alsothe ssmeand the”veloc”ity’incrementsremainequal
in.ma~nitudebut oppositein directionso that,as in the
caseof’the infinitestream,theeffeotof t-hewalieis
removed“~yaveragingtheMach numbersat orificesa and b.

~~ the o~~n jet, the sourceimagesmust--bealternately
negativeand positiveand the effectof the wake is given
by taki thehyperbolictangenttermnegativein equa-
tion (14Ts0 thatat orificeb

g? = 0.01 (1,326- “O-.7-54.)
V. 24

The inducedvelocityat orificea is thenegativbof this
value(because x is negativeaheadof bhemodel). The
compressibilityeffectis a.gai”nthe sameat orificea
as at o-tiificeb snd againthe effectof thewake is
re,movedby averagingvaluesat”orificesa andb.

An esttmateof the effectof basingthe tunnel
velocityon-the averagevalue“of.thepressuresat
orificesa andb, if tb.esourcerepresentingthewake
were locatedat the trailingedge instead,qf at the center
of t~.echordas as”sumed,indi’cqted& errorof about
one-fifthof the iotalwake-constrictioncorrection.
Inasmuchas the effectiveoriginof thewake shouldlie
betweenthe centerand the trailingedge,the errordue ,
to the excentraloriginof thewake shouldthereforebe
less thanthe estimatedone-fifth.

1

4

.

.

n
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A more serioussourceof error is the pressure
gradientthatex-istsin the tunnelwithoutthemodel.
‘I’hisp~8ssuregradientis usuallytakenintoaccountby
means of an empty-tunnelcalibrationbut, in the present
case,an empty-tunnelcalibrationwas not availableand
thereforedirectcorrectionsfor the pressuregdadients
couldnut be made. The pressuregzzadien$s,moreover,
are thoughtto have variedfrom testto testbecausethe
open-throatand closed-throattunnelswere takendown
and reassembledseveraltimeswithoutany checkon the
pressuregradients. If the gradientis constant,the
methodof averagingpressuresbetweenorificesa andb
will eliminatethe effectof the gradient-onthe deter-
minationo’fthe velocityand h!achnumberat &e model.
If’the gradientis not constant,the estimatedvelocity
willbe too high or too low,dependingon whetherthe
velocitygradientis increasingor decreasing.

.—

In thisanalysis,the assumptionIs made_thatthe
averageof the pressuresat orificesa andb corresponds
to a velocityat themodel-whichis automat~callycor-
rectedfor wake constrictionand pressuregradient. The
only correctionto be appliedto the velocityso obtained
is that~e to the effectof the airfoilprofileand its
images.~ -

Correctionfor interferencedue to profile.-The
correctionto be appliedto the averageof the velocities
at orificesa and bis the differencebetweenthe
velocityincrementat thepositionof the modeldue to
the solidconstrictionand the veiocityincrementsat
calibrationorificesa and b due to the solidconstric-
tionplus the directinfluenceof tineprofile. The
velocityincrementat orificesa and b due to the solid
constrictionwill be calculatedfirst. As shownin
reference2, if the airfoilis smallin comparisonwith
the tunnelsize,the boundaryconditionscanbe approxi-
matelysatisfiedby means of an infiniteseriesof
imagesof the equivalentairfoil-doubleti’n”the tunnel
bofidaries. F&6m reference
due to the airfoilis

2, the equivalentdoublet
-.

*
ht’%. ._(17)



~n.~~-erefore,as seenfromraference7, with incom-
pressibleflow the inducedvelocity AV in the stream
i.irectionat a point (x,Y) (seefig. 7} relativeto
any doubletimageis

(18)

The inducedvelocity’due to the solidconstriction
at orificea is the sameas hhatat orificeb. Consider
thereforethe inducedvelocityat orificeb due to the
imagesin the.:boundaries:.

F%omequations(21), (23),(26),and (30)on
pages34 and 35 of reference6, the incompressible-flow
inducedvelocityon thex-axisdue-tothe imagesof a
doubletori’entedin thedirectionof the flow in a
clo’sedchannelis

%,.

~v”. +’ (~echzpJ )-c~chz= + M
V. al m 2h (19)

@ 2h #x2
... -

. ..

where, in the.notatlon”Qf’thispa,iior,

~t2
. al=—

.4.

‘{Vitht = 0.12 inch; ‘x= 1.875inches, and h = 3 inches,
..

AV
V.

0.7598+ 1.037)
,

v --

..
. .

-s

I,

:

.

●

—
.-

(20)

7

.



equation(1~)requiredfor
,sech2‘.termrwg.ative~d

1?

the open

()(Av=lf L2 -0.4317- 0-7598+ L037)T?. 16h

= -o.095q’$)2. (21)

Becausethe cmnpressibilityeffectvarieswith the
angle 9 (seefig. 7) betwsenthex-axisand the radius
vectorfrom.the doubletto the ~otitconsidered,the
contributionsof the images~Lustbe dividedin such a -.
msm.neras to facilitatethe applicationof the tom-
pressibilityfactors. FrozlL% ti.o~ o.ff.rsferen~87 -—
k;h,>connressibilit:~effectoc the axialvelocityd-ueTO
the doubletis fo~d to be

-..

For images”A and A!, whichare 3 inchesfrom the
tunnelcenterline (seefig. 7), tileterm sin20 is

= 9.719

Similarlyfor the next two images, B and B!,

(6)2sin20=
(6)2+ (1.~75)2

.-,

(22)

-.

= 0.911 —.



For Me images9 inchesandmore from the centerline,
sinae approachesunitymd, becausethe maximumMach
numberat which comparisonsbetweenvaluesfor openand
closed,jetscanbe made in thesetestsis about().85,
the compressibilityeffectgivenby equation(22)is

.
evidentlyapproximatedby J. The induced

(1 - ~f2)3/2*
velocityat orificeb may therefarebe computedas:
(Q)thatdueto the firsttwo images,A and A!, plus
(b) thatdue to the next two ima~es,B and 3!, PIUS

(c) that due to all otherima~es. l’lithx = kh and
7?= nh, the inducedvelocityat orificeb due to
imagesf~and at (n = 1 k = 00625) takentogetheris
Cjlus, fromequations(15)and (22)

—
.-.

“.

.-

1

where the positivesignapp.llestcyrthe closed-throat
tunnelsnd thenegativefor the open-throattunnel.
The“velocitydue tm the imagesat 9 snd.B! (n= 2,
k = 0.625) is similarly

!1V2 = O.o?!+A(t/h)a(l- 1.1+
V. —.—

~- M2 (~ - 0.~lM2~

wherethe‘positivesign appliesfor both open-ihront
and closed.-throattunnels.

The contributiondue to the remainingimagesis
cbtainedby subtractingthatrdueto imagesA, h~, B,
and B! (equations(23)and (~}))for incomressible
flow (M = 7O) from equations420)and (21 for closed

(24) ‘

.-
8

.

!?
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and ogen jets,respectively
@

dividingby the com-
pressibilityfactor (1 - .M~) . For theclosed jet,
therefore,

2!!2.. (0.437- 0.157--0.09i+)h(t/h)2

V. (1-~2)”2
o.186Mt\h)2 .

=

(1- &) 5/2

arid,for the open jet,

!2!2=(-0.095+ 0.157-.o.094)Mt/h)2

V. (
;,12)3/21-.

-0,032A(t/h~2

.-

(25)

(26) _

The totalinducedvelocityat orificeb (or at
orificea) due to the solidconstrictionis therefore

. -- . -- . T., . .’r

!!4=UL
V. V.

LM2+y.
-l——

V. “ V.
{=27’)

The solid.constriction,at the positionof themodel,
givenby equations(4) and.(5)is,
tunne1,

t’orthe closed-.tfiaat

V.
(28>



and,for theopen-throattunnel, —. .—
●

(2:?)

The residualsolid-constrictioncorrectionto be a~~lied
to the velocityaverageiibstweenorificesa andb, Vav,
is therefore

(30)

Additionto equatton(30)of the velccityincrementdue
to tihedirectinfluenceof the Di-of’ileat the calibration
ora-ifices,.- equation(13),completesthe corrsctim and
yieldsthe trueeffectivevelocityat the positionof
themodel.

For
sponciing
from the

any smallvelocitycorrectionAV, a corre-
Machnumbercorrection AM can t.eobtained
relation

(51)

wherefor air y = lJ@* Thisequationis easily
derivedby substitutingequation(30)of reference3
intothe firstequationon page 19 of the samereport,
expandin~the equation,and neglectingpowersof AV/V
hi,F>erthanthe I’irst.

‘Limitationsto applicationof Weory.- Several
limft~ions to the”applicationof’ths theoryused in this
analysisshouldbe reco@.zed. First,becausethe theory
is basedon subsonicpotsntialflow and in view of the
factthat,as theMach numberincreasesbeyondthe
criticalvalue,the flowdepartsincreasinglyfrom
potentialflow and thatsupersonic-flowregionsappear
in the field,a progressivedivergencefrom the theory

I
11

I

‘~-

—
.



NACATN ~~0, 1055 . 21

.
.

.

in the supercriticalflow regimemightbe expected.
Applicationof the theoreticalcorrectiontithlachnumbers
greaterthanthe criticalcan thereforebe justified
onlyby experiment. .—

A secondlimitationto the applicationof the theory
is imposedby the fact thatin the developmentof the
theorythe correctionswere assmed to be small;powers
of the velocityincrementshtgherthan the firstwere
thereforeneglectedand the liachnumbersinvolvedin
the compressibilityfactorswere assumedto be equal to
thoseobtainedfrom tlititunnelcalibration.At high
Mach numbersthe compressibilityeffectsare such that
the correctionsmay becomelarge,even for relatively
smallvaluesof the ratioof model thicknessto tunnel
hei~ht t/h, and the compressibilityfactorsthemselves
may becomei~accuratebecauseof the uncertaintycon-
cerningthe correctvalueof Mach numberto use. If
-thecorrectionbecomeslarge,moreover,it may no longer
be.possibleto correctthe resultsby the simpleprocess
of correctingthe streamvelocity.

A severelimitationto the use of’tineclosed tunnel
is thatof choking,which is describedin reference3~
The chokingMach number,which is the highestMach
numberattainablein a parallelchannelfar upstream
from themodel,is reachedwhen the speedeve~ifhere
alongsome line acrossthe channelis,equalto the speed
of sounds The lineat which M = 1.0 commonlyextends
from the airfoilsurfacessomewherenear themaxtium
thicknessto thewalls. If the lifieof M = 1.0 is
straightand perpendicularto the sxis of the channel,
the chokingMach number hfch is theoreticallya maximum
and is relatedto the thickness-to-heightratio t~ by

tl- hfch ,
-=
h

..’

( 7

(32)
Mchz - 1

1+
6

whichis adaptedfromequation(87)of reference3.
Practically,the thinningof the hcundarylayerproduced
by the velocity increaseat the wallsdue to the air-
foilmay permitthe attainmentof a somewhathighervalue
of bhe chokingMach nwnberthanis givenby equation(32).

.—
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The effectof the
layeris smallin

NACATN ~To.1055

absolutethicknessof thebcundary
com~arisonwith.the effectof the

changesIn the thicknesstiAs &i@choki% Mach number
is a~proached,the tlmel-v~all.co~rsctionsare ex~ected
to becor.eincreasinglyinaccurate,Afterthe choking
Machnumberhas been reached,the pressuredifferences
betweenpointsupstream~d.downstrea.mfrom themodel
can be increasedwithoutany appreciablechangeIn the
upstreamMachnumbers. Becausea singleindicated
tunnelMachnumbercorrespondsto an infinitenumberof
downstreampress~lredistributions,afterthe choking
Mach numberis reached,the conditionsin the tunnel
cannot.berelatedto the tunnelMachnumberand the
applicationof correctionsis obviouslyimpossible.

Aiialysisof’%qwrtmentalWall-InterferenceData and

Comparisonwith Theory

?.?achnumberdistributions.-The experimentaldata
tireanalyzedin bermscf the localMachnumbers Ml,
thatare-relatedto the localpressures of fig-
ures j -d 4 by equation(1). These valu~~of Mach

‘numberare assumedto be ccrrectas determinedfrom
themeasuredpressuresand to requireno correction,
Only the streamMach numbers M at whichthe local
Machnumbers hl~ are plottedmust be corrected.

*

—

4

.

.

For the testsin the openmd closedjets,the
valuesof.Mt at eachmeasuringpointon the profl.lo
were ,firstplottedagainstthe indicatedstreamMach
numbersat orificea, Ma. At chosenvaluesof Ma
valuesof ML were takenfrom tb.esecurvesand are
shownplottedagainstchordwiselocationin figure~.

-.
ihcce~tfor.the valuesfor the closed-jettestsat- ~ = O.Ofi,
whichare evidentlyIn error,the localMach numbersin
the closedjetexceedthosein the open jet. Thi 8
behavioraccordswith the theory i.nthatfor the same
indicatedMach number Ma the predictedeffectivestream
Machnumberis greaterfor the closedthanfor the open n

jet.
.

The-mssibilityof oorrectin~”thetest resultsfor
the open ad closedjetsby correctingonly th~ stream
Machnumbersdependson th~existenceof identicallocal



.

.

Kachnumberdistributionsfor the two casesat corre-
spondingbut differentvaluesof Ma. Thesetwo values
of Ma for tn’eopenand closedjet thencorres~ondto
some singleeffectivevalueof the streamiMach number.
If the MZ-curvesfor the open and closedjetscoincide
at givenvaluesof tiletheoreticall~correctedstresm
Machnumber,the theorymay be -assmedto ke correct
and the effectiveMach numberto bs that obtained
by applicationof the theoreticalcorrections.The fact
tlnat(except x

ZOr the values at R = 0.075 already
assuraedto be in error)the Mt-distributionsof thes-e
testsfor the open and closedjetshave essentiallythe
ssme shapefor the samevalueof Ma up to a valume
of 0.700(nearthe criticalvalue)suggeststhatcorrec--
tionshouldbe possible. At th chokingMach nmber in
tineclosedjet Ma =.0.797, however,the distribution
of hit is alreadyconsiderablydifferentfrom thatat
the sameMach numberin the open jet and approachesmore
nearlytineMZ-distributionof the open jet for Ma-a 0.900;
but even ~or the chokingMach number,so far as csr”be
judged.from figure8, coincidencewith an Mt-disttiibution
for an open jetmightoccurat somevalueof M some-
what less than0.900and correctionmight still%e poss~e~
The compressibilityeffecton the interferenceis showlI
in the increasingspreadat givenvaluesof Ma between
the localhlachnumberdistributionsfor open and closed
jets.

Correctionwas firstmade for wake constriction
and uniformnressuregradientby use of the theory
previouslydiscussedby correctingthe streamMachnumber
to

hla+ h~
Mav = — —-.

2
.-

LocalMach numberdistributionsMz
Of Mav

at chosenvalues
are shownin figure9. The Mt-valuesof

fi,gure
?
for the closedjet are the same as thoseof

figure ● only tF.estreamMach numbershavebeen changed
from Ma’ to Mav. From figure9 the correctionfor wake
constrictionsnd pressuregradientcan be seen to bring
the hlachnumberdistributionsfor open and closedjets ‘“ -
intomuch closeragreement,particularlyat the lowerMach
numbers,thanif thiscorrectionhad not been applied.
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The relationbetween H and Mb 1s Shoivnin
i’i.gxre10. For bcth open an5 closedjets, ~ is
f,reaterthan Lia but the differencebetweenthe two
iS mUCh greaterfor the ~~csed,~etthanfor Lhs open

113S5

jet.
Thisef,fectagreesqualibativeljwith the wcke-co~str~ction
theory(seeequations(15)and (16)and the discussion
followingtheseequations).At ~cdarateMachnunikersfor
whichan estimateof tkle wake cotistrlctioncan reasonably
be made,however,the corrections,l]articularl;~for the
closadjet,aremuch greaterthanindicatedby thewake-
constrlctiontheory. For the closedjet,for example,
the correctionsare aboutfive timesas .Q’eatat
% = 0.600,whichindicatesa pressuregradientin the
tunne1.

LocalMach numberdlstributi.cnsat valuesof the
streumb!achnumberco~rectodfor solidconstrlcttonas
well as for wake constrictionand pressuregradientare
shownin figureI.10The distributionsof ML for tile
closedjet are tihesameas those<ivenin figure9, but
‘t;k;estream~ach n~bgrs Mav have been correctsd
tG M~orr by addin~the solid-constrictionc.orroctlon
~or closed-throattunnelsgivenby equations(30)and (31).
For the open jet the valuesof Ha corres~ond:in~to the
v&luesof Mr.orrfor the clcsed-throattunaelnavebeen
~ouadby subtractingfrom the valuesof l’lCorr fcr the
closed-throattimnelthe solid-constrictioncorrection
(equations(30) and (51))and ;he wfiko-conatrictlonand
nressure-.” ‘a~rad.i.entmrrection - .Atvaluo3oi’ Ma~ “*”
so obtained,the Mz-valuesfor use tn.figure11 were
taken,fromthe nlotsof Mt against bla f’ort%e open-jet
tests. Additionaldistributionsof Mz aro shownin
fi~ure11 for a Mach number,Mcorr of 0.790,whichiS
r-eatertha-nthe criticalvalueand correspondsto a..)-
Mach number Ma of 0.?50in the closedjet. T.naMach
n~ber value Mcorr represents@e streamIJachn~ber
cor,pletolycorrectedtheoreticallyexceptfor the small
directinfluenceof the airfoilprc”fileat themeasuring
orifices, (Seeequation(13).)‘Thisinfluenceis the
samein both open and closedjetsand thereforedoesnot
ai’.l%ctthe comparison.

Fair agreementis obtainedbetweenMach nw-berdis-
tributionsfor the openand closadJetsat the sme values

.

.

—

I
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.

—



of the correctedMach number ~“fcorr exceptat the
Mach numbercorrespon~ingto chokln~in”the closed

-—

tunnel. The accuracyof the data is not suchas to per-
mit Lke theoreticalwind-tunnelcorrectionsta he checked; -
themost thatcan be saidis that,yhen the theoretical
correctionswere a~plied,the Hachnumberdistributions
up to a strem Mach numberbetweenthe criticaland the
chokingvaluefor the closedjet csme into approximate
agrsementand that the agreementwas”be%tetie“venat the
chokir~g?dachnumbertharilf no correctionhad been applied.

In orderto investigatethe type of flow existing
for thesetests,-the hlachnu.m3erdistributionin potential
flowwas computedat a ’free-streamMachnumberof 0.405
and is shownin figure11. In calculatingthisMach
numberdistribution,the velocitydistribution~or-incom-
pressibleflow (W%), was obtainedby themethodof
reference9. The induced-velocitycoefficientcorre-
spendingto thisvelocitydistribution,

was tb.enmultipliedby the factor
+

(see rOfer-
M2

ence10) to
F’
ive the inducedvelocityat a streamMach

numberof 0.405;thatis, .“”-

●

The streamvelocitycorrespondingto thisinducedTveloci_@
ratioat the Mach number0.405is



and theMachn’tifiherdistributionis obtainedfrcmthe
Lsentropicflow relation

.

x
~xce~tfor the.erroneousvaluesat ~ = 0.075 for the
closedtunnal,the agreementbetweenthe calculatedJiach
numbersand the correctedmeasuredvaluesis reasonably
good and Indicatesthat,in spit~of tme smallsize of
themodel,no seriousflow separationoccurredand the
Reynoldszm..mberwas thereforenot below the critical
vslue.

Themethodof applyingthe correctionsmay be
clari.f’ieaby referenceto figures12 to 14. In these
fi;;ures,the localvaluesof the Machnumber MT at the
27.J-percent-chordstat-ionare divi~edby hla, Idav,
and Mcorr in turnand plobtedagainst Ma,

—
Mav?

.

. .—,

—
.

and Mcarr) respectively.

The processofcorrectionof twoMach num?~rratios
in the openand closedjetsis shownIn figure14. The
~-ocalfi]achn~’~~rs JIZ were obtainedcorrectlyfrom the
localpres3ures p

b
and the totalpressures H ‘byuse

of equation(l). onsiderthe valueof }JZ/lJc~rrfor
the closed.-tb~;oattunnelplotted~atMcorr= 0.775 in
i’i~ure1)}. The correspondingvalueof’ ML was originally
divicledby Ma (= 0.7~;.9)and plottedat- Ha = 0.749 In
figure12. Correctionfor pressure$radientandwak~
ef’~ectgave a valueOf .lVlavof 0.76?. “Thevalueof h~~
was thereforedividedby Mav (= 0.706) and t.hl.sratio”
was“plottedat Mav = 0.766in fi.b-rtiL3. TF&ecorrac- W
tioninvolveda dec’reaseOT theIJachnumberratio
from 1.439to 1.407and an ‘incr%ase-o”fthehlach-nuwbar

..

at whichthe localMach numberratiowas plotted .
from 0.711.9-to0.766. The-solid-con3tfil~’tioncorrection
involvedan additionA incrementof Mach numberof 0*009*

n



The valueof Ml was thereforedividedby hlcorr(= 0-775)
and the ratiowas plottedat licor-r= 0.775 in fi=~reL!+.
The valuesof theMach numberratiosfor the open-throat
tunnelwere correctedin the sameway but in this case
the solid-constrictioncorrectionwas appositein sign
to thatdue to the wake snd pressuregradient. For this
reason,the pointin figure14 for ‘de open jet at
hlcorr= 0.790, for 2nstance,is sluostthe sameas the
correspondinguncorrectedpointin figure12*

In figure14 the open-jetvaluesof the localMach
numberratio for Mcorr greaterthan MGo~~= ~.9@3.
havebeen omittedbecauseat thesehigh Mach numbe-rsthe
theoreticalcompressibilityeffecton the solid-constricfi
correctionsis held in doubtand no close-d-jetvaluesare
availablefor comparison.The highestcorrectedqtrgsm
Machnumber’for the closedjet is 0.858,whichco@e3ponds
to tunnelchoking. The correctedMach numberratiofor
the closed-throattunnelat thisstation(27.5percerit
chord)and at this stremaMach numberfallsbelow the
correctedopen-jetvalue,whereaswith the same corrected
streamNach numberbut at stationsfartherback on the
surface(fig.11) the Mach numberratfosfor the closed
jet considerablyexceedthe open-jetvalues. Thisbehavior.
suggeststhat.tunnel-wall-interferenceinvestigations
based on isolatedpressureson themodel ratherthanon
pressuredistributionsare not to be reliedupon.

Schlierenphotographs.-Additi.onalinformationon
the natureof theboundaryinterferenceand flow in
open-throatand closed-throattumreLscan be obtained
from the schlierenphotographsof figure’s“5and 6.
Up to the Maclhnronberat which shockwavesfirstoccur
(figs.5(a) to 5(c)and 6(a) to 6(d)),theflow in the
vicinitlrof themodel appearsthe same in both open @“
closedjets. At somewhathigherMach numbers(figs.6(g)
to 6(t)),disturbancesin the open jet cha~ed the flow
patternnear themodel and therebypreventedan accurate
comparisonbetweenthe flow patternsin the“open“and
closedjets. In view of theunsteadinessin the flow,
wb.ichat timescausedthe flow aboutthe airfoilto be
asymmetrical,the approximateagreementbetweenthe
correctedMach numberdistributionsfor open and.closed .
jetsIs ratb-ersurprisingsnd is perhapsfortuitous.
Nevertheless,even the flow patternsshow certain”
similarities.



tunnelof 0.717,-whlch‘#ith corrsctions%ouldbe only
sli@tly nope than the theoreticalval~~eof Mcr of 0.720.
lhzf’ort~mately, becaused? thenecessityof chanSi.ngLhe
tunnelwallsfor theschlierensetu~,&cCuratewall-
inter:evoncecari~ecti.ons cannot>e applied. Th3 critical
La”chnumberitselfc~mot ‘tieaccuratelydefined,howavor,
becausethe firstgatheringof the shockwaveby which
&he critical~~achncmberts detel)rninedis a gradual
processand do~snot occursuddenlyat one speclf’ic
valueof the streamMach nurnker.It is evidenti’rom
fi~:ure6(e),altllou~tt~eflow is unsymetrical,that
the criticalblachnumberin the open jet is closeto0.728;
no greatd.if’ferenc.e.tharefore~xtstsbetweenthe critical
Each nlmbersin open an@ c“]-osedjets.

At Kachnufnters“betweenthe criticaland about---~5~5
or 0.?6 (figs.5(d),5(e),b(f),and 6(g)), the results
for open..amlcLosedjetsagreeIn showingno large
disturbancesin the flow,thoughthe intensity01’the
shocksincreases. At stilll@her h~achnumbers(.fiES. ~(f)
tO 5(m) and.6(h) to 6(D)),‘ootho~fin-jota~d c-lo~eti-jet
testsshow incj?~asingintensityof shockapd separation
of theflowwith tevel.~pmentof a widewake. The shock
patternsare somewhatsimilarbut, as Ehe theoryWo-uld
leadone to expect,the shockwavesdeveloptowardthe
wall in the closedjet as the hIacb.numberis incrcssed,
whereasin the oven jet theends of tho shockwaves
remain.di.t’fuse. Even at the chokingMach numkerfor ihe
clos~dlet (figs.5(n)smd 5(c)),open-jetflowscanbe
foundwith similarshock,patternSon the ai~foil
(rigs.~(s) and 6(t)),thou,>the pressuredlstribu-
ticms(figs.3 and11)in theLkch numberrangesat which
thesetwo setsof schlierenpicturesworemade do not
agree. When tiletunnelpowerin the closedjet ls
increasedbeyondthe smallestamountnecessaryfor
choking(fig.~(p)),the shockpatternis differenbfrom
any obtainedfourthe open jet.

Conditionsnear Cbokl.ng

Tho choktn~Xachnumberforthe closedtunnel Mach

-1

=,,
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a

—

.

.

.

fnr the presentteatsis comparedin figure15 with kne
choki~ Machnumbersoh%ainedin two othertunnelsan@
wit?lthe theoreticalvaluesof chokin-gMachnumbar



obtainedfromequation(32)withoutconsiderationof
bcnmdary-layereffects. The value ot the chokingMach
numbertor the presenttestsfallsabove,the theoretical
curve,whereasfi’Gmpurelypotep.tial-flowLheoryit shotild
fall on or below the theoreticalcu.rveqIf allowance
weremade for the pressure~radientexistingin the tunnel
(thatis, if the tunnelvelocityhad been obtainedfrom a
tunnelcalibration),moreover,the chokingMach number
wouldfall stillfart-herabovethe theoretic~.value,
The fact thatthe tunnelchokesat a Mach numbergreater
than the theoreticalvslueis believedto be due ‘COth!3
decreasein thickness.ofthewallboundarylayerin
regibnsof increasingvelocityas discussedwith relation
tO equation(32). The requiredgradientobvicusly6xists
on the sidewallsin the vicinityof themodel snd is
knownto extendto thaupperand lowerboundariesas
theMach numberapproachesthe chokingvalue. The negative
densitygradientcorrespond2ngtothe negativepressure
~radientis shownby the dark re~ionsaboveand.uelow
themodel in figwres5(0) and 5(p) and is seen to cover
thewhole crosssectionof tihetunnel. The thixi.ningof
the‘wallbo~dary layercausesthe effectivecrosssections
at tb=rmlel to be largerthanwould otherwisebe.the case
so that a greatermass flow passesthanis assfiedin “the
theory,whichcausestheupstreamMach ntiberwhe”rethe
boundarylayeris relativelyunaffectedto be”higher
thanit would.otherwisebe.

—,.

Furtherevidence.to supportthe argumentadvanced
hereinwith regardto tlheeffectof theboundarylayer -
is containedin the relativepositionsof the points.in
figure15. Both the Langleyrectangularhigh-speed
tunneland the tunnelused for “bhepresenttestshave
narrowrectangularcrosssectionsin contrastto h’he
ag?ycximatelycircularsectionof fineLangley~-inch
high-speedtunnel. The ratioof boundaryarea per unit
lengthto cross-sectionalarea is t>:ereforem“uchgreater
for theserectangulartunnelsthanfor the alriostcir”c@.ar , _
tunneland theboundary-layereffectsconsids-redsh~md
alsobe greater. ~l:eex-pettedeffectis indicated~
fi~ure15 by the fact thatexcept--foroti”singlepoint
‘tievaluesfor the rectangulartunnelsfall near the

-.

theoreticalcurve,whereasall valuesfrom the almost
circulartunnelfallbeldw the curve, Of course,the
influenceof tkemodel,whichshould.tendto causethe
experimentalpointsto fallbelow the theoreticalcurve,
would alsomake itselffelt;&nd, themodel influence- -,.-.-
wouldbe ~reaterthe largerthemodel.”Thiseffect -.—.._



anpearsat thehigher $-valuesJ.nfigure15. The wall
boundarylayermust aff~ctthe flow in sucha way as to
alleviatethe tunnelconstrictionat allMach nunbers,
but the effectrapidlyincreasesas theMachnumber
a~proachestb.ech-oklngvalue.

The shockextendsto the wall at the chokingMach
number(figs.5(n) and 5(o)),whichshowsthatsonic
speedmust also sxtendto thewall, so thattheoretically
no furtherin.crea,sein mass flowwith the someupstream
stoopressureand temperatureis possible. In figure5(p)
an increasein tunnelpowerhas thus~roduceda cbiange
in the shockpatternwithouta changein tineupstream
Mach number. As shownin figure16, the pressuredif-
ferencebetweenupstreamand downstreampressureorifices
is also increasedwithouta chanqein upstreamMach
number. Indeed,the“reiiuc~ionIn back ~ressurebehind
the shock(or the Increaseof pressureaheadof the shock)
is the causeof the changeof the shock-wavepabtern.

The pressuredifferencebetweenupslmeamand down-
streamorificesevidentlybeginsto increaserapidly
(seefig.16) at a speedsomewhatabovethe critical
speedand apparentlythisincreasemightbe used to
determinethehighestNach numberfor which the test
resultsobtainedcouldbe consideredreliable. In the
open jet,as may be seenfromfigure”16,no largepres-
suredifferencesuchas occursin the closedjetexists.

.

—
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Change of VelocityRatio ~ with MachNumber

o

The existenceoilcorrectedexperimentalvelocity
ratiosaffordsan opportunityfor com~aringwith experi-
ment severalformulasfor the compressibilityeffit on
the localvelocities.Four of thebest knownof these
formulasare —. —

(1.)A relationcorres~ondingta the Prandtl-Glauert
theory(references10 and 11)

()
( )i
Vz-l

Vz ~
Kc

‘1+1=
(34)

L.

●

.
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K&m& -Tsienrelation(fromequation(61)
12)

/%, ‘-(,+&)
(35)

()
2

VI
— ..

‘o i

‘Tenple-Yarwooilrelation(fromequa~ion(51)
13)

. . 2lV1oT1 =
5 + M02

and

(~)The resultsof Xaplan~sapplication
and to a curvedsurface(seepages16 and 17

—.

to a tnmp
of refer”-

enctiU ) of the extendedtheory-ofcompressibleflowwith
sr,allperturbations.

-.

. —
—

~he comparisonof tb.eexperimentalsnd theoretical
variationof velocityratio ‘Z.\~leffwith Mach number
Iiieff is shownin figure17 for valuesat,the 27.5-percent-
chordstation. In tihisfigure,the correctionfor the



fisrgctinfluenceof th.aprofileat the calib~atlon .
orificeshas been a~plied(equation(13))in addition
I;Othe othercorrectionsto Hiveeffectivevaluesof the
streamvelocityand.Mach number, ‘eft’and Meff. The .

>~leoretfcalcurveswgra passed.througha valueof h!eff
Or 0.!+2 whichwas tet3rminedby ~airingthroughthe
closed-jetvaluesof ‘Liveff in this regbn.

The simpleK&r&-’l?sienrelation(equation(35))is
seenfrom figurel? to agreewith theexperimental
variatiOnof ~zl% ff at the 2?,~-percent-cllordstation
as well as any of ths theoreticalvariationstried,
Accordingto the theory,thesetheoreticalrelationsaro
expectedto describethe experimentalvariation,%?tmar
the peak velocity. In thepresenttests,the Karmm-Ts?.en
relation,wasslsofoui~da~pr~xlmatelyto describe~he
chan~eof’ ‘L/veff with Mach nunber,up to Machnumber
valuessomewhatbeyondthe cuitical,at pointsfarther
tiack,ont-heairfoil. Thisapproximateagreeinentoi’the
Ki&man-Tsi~nrelaklonwith experimentis cong~stentwith -
pastexperienceand suggests,es;?eciallyinasmuchas .
the relationis also relatively3imTla,that thisr~~a-
tionshould“beused to extrapolatelow-speedveloclty
md pressurecoef’ficimtsto high speed;at leastfor .
val.uoscf ~hesecoefficientsin the vicinityof and for
motieratcvaluesof tF.epeak veloc~ty. No theory,based
on potentialY1ow,shouldof coursebe expsctsdto hold
i.~,regionsin which theflo’wde~artsco:-lsiderahlyfrom
the potential.

Frcm the foregoinganal~misof two-dim19nsionaltests
o: the NACA0012airfoilof l-inchchorciin ~-inchopen
and closedjets,the followln~remarksare consideredto
he justified:

1, In aDplyi~Ttunoel-wil?.Corrections,carenust
5,3exercisedto takeaccountof”“tia~~n-i.mrferer,ceat the ‘- n

orificesused in determiningtlietunnelvelocityas
well as to obtaina correctempty-tunnelcali.brationg .

2* The correctionsfor wake and solidcmstriction
wsre foundto he sufficientu;?to a Mach numberbetween
the criticaland chokingvaluesto bring the resultsfor

I

,
,

.-

1
1

!

I—1

I

n
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closedjetsintoa~pro.xinateagreement.
was insufficient,however,to provethe
the corrections..

3. In ‘Lheclosed-th~oattuuxnelthe speedis limited
tI:7cholking,which1s themost severeeffectof the Wrinel
WallS. Even at a velocityveryclGse to that at the
firstattainmentof cholkinS,howe~r, sm open-jetL!ach
numberdistribution(one occurrtngat &- uncorrected
streamMach numberless thanunity)couldbe fomtiwhich
was ilotgreatlydifferentfrom thatobtainedM tb.eclosed
jet thoughthe correspendingapy~ent strem Mach numbe-rs
were greatlydifferent. Application‘ofthe the.otietical .=
correctionsew.ployedin this reportfatledto bring the
resultsfor tb.eopenanticlosedjetsat the corrected
velocityfor the chok:ngMach ntiberin the “clo”se”djet
intocoincidence~ With tileapproachof cho’king,‘corPec~._ -
tionby any methodmay be impossible.

4. If, asterthe chokingMachnlxnberis reached,the .
tunnelpoweris increased,the pressuredifference
betwegnpointsupstre~~and downstreamfrom themodel is
increasedwithoutany significantIncreasein theup-
streamMach nlvnber.Inasmuchas a givenMach nwi.ber
upstrem thereforeno longercorrespondsto a single
nressuredistribution,inthe tunnel>corrections.are
obviouslyimpossibleafterthe chbklngMach numberis
reached. .

—
5. Tn considerationcf t~~eseverespeedlimitatian

imposedtiychokinaend of the largeincre&se in tunnel-
wQ1 interferenceat hi~ Mach nmbers, modelsfor high-
speedtestsin a closedtunnelshouldbe much smaller
tiiantihelargestmodelsthatcan be successfullytested
at low speeds,

6. For the open jet,the absenceof chokingand
wake constrictionand the fact that the theoretical
solid-constrictioncorrectionsare relativelysmaller
thanin a closedjet sug~esttlnatthe open jet should
be advantageousfor testsat high Uach nunbers. Certain
difficultiesmay, however,be experienced~vith-o-pen “
tunnels. Even at low speedsthe bov.ndaryconditionsare ‘“
only agprox~~ately satisfied by the timory Wd, at very
high s~eeds(Machnumberabovethe critical),tile
theoreticalcompresuihili.tyeffectson thesecorrections
are no longerstrictlyapplicable.Iioreover,i!,tgturbances



at tim boundariesmay causethe flow to be unsteadyin
the ‘;iCinityQ? theM@el . In or~.er, the.refore, to
realizethe theoreticaladvantagesof open.jets ~or
testsat Hachnumbersapp~oachingunity,specialcare .
w.ustbe exercisedto obtaina designthatminimizes
F.isturbancesin t~~ei’lG’w;largejetsare expectedto be
advantageousin this.respect.- In .iddition,the tunnel
bcundarycorrect~onsup t~ thahj.gh.esttest-Machnumbers
must be determinedwith greaterreliabilitythanis now
possible,

7. ‘Themethods”now availablefor estimatingcorrec-
tionsfor tunnel-wallinterferenceare severelylimited
in application.The theo~yis strictlyanplicahleonly
in potonti.al flow at Machnumbersless than the cr~tical
and onl~ so longas the correctionsare small. Further
%nvesti&stion,both theoreticaland~xperinental.is .

.

.“

.

I
I

neededto determinetb.enatureof t’necorrections
required,to establlshthe limitsof practicalusefulness
of presentmethods,md to developtheoryandmethodsof
a~vlicationfor estimatingcorrectionsup to Machnumbers —
a~”nearunityas posslkleand for the largest--models .
for wh~.ch correctionscanbe ap~lied, ● _

r.~n~le~MemorialAeronauti.cal.Lab.~rat.o~y
N&tionalAdvisoryCommitteefor Aeronautics

Lan@sy Field,Vs., January9, 1946

.
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Figure 3.-Dlatrihutionof ratioof atat~atototalpreaaure P@i about .

NA,CAOOU efrfoilof l-lnohohordin B-inchclosedjet. Maohnhmbr ~
takenat orlfloe1.375lncheaupstreamfrom leadlngedgeof mdel.
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NACA TN No. 1055 Fig. 5a,b

(a) M = 0.500.

.

.

(b) M = 0.664.

5.- Schlierenphotographsof flowaboutan NACA 0012
airfoilin a closedjet. L. 0.04;a = OO.

.h
HA7!IOEALAOVISOEY COMW~TEE YOX AIXOIAUTICS

LAIOLSTMMOIIAL ASWAU~ICLL LABOIATORX- LAXC~Y FIX-. VA.
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NACA TN No. 1055 Fig. 5c,d

(cl M ~ 0.717.

(d) M = o.742.

. . . ..—



NACA TN No. 1055 Fig. 5e,f

(e)M = 0.755.

.

.

(f) M = 0.758.

.

Figure5.- Continued.
HATIOUAL AD?IEORT COMMITTEEFO~ USOMAUTICS

LAUOLRT M=MORI& AEBORAUTICALLABORATORY- LiXOLEY FIELD,VA
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(g) M = 0.767.

(h) M = ().772.

Figure 5.- Continued*
MATIOKAL ADVISORYCOMKfTTEt FO~ AEKIUAUTIC8

.LAII13LEYMUOEIAL AEMHADTICAL LABORATOkT- LAHOL=T TItLD,”VA.
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NACA TN No. 1055 Fig. 5i,j

[i) M = 0.776.

(j)M = 0.780.

Figure 5.- Continued.
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(k) M = 0.782.
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(1)M = 0.786.
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Figure5.- Continued.
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NACA TN No. 1055 Fig. 5m,n

(m)M = 0.793.

.
.,- .

. . .
$
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(n) M = 0.796.

Figure 5.- Continued*
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NACA TN No. 1055 Fig. ~0,p

.

.

,

.

.
.

.
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.

(0) M = 0.796.

(p) M = 0.796.

Figure5.- Concluded.
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NACA TN No. 1055 Fig. 6a-d

a

.

●

.

,

(a) M = 0.652. (b) M = 0.654.

#

... ....-.—. . .- . .

{C)M = 0.673. (d) M = 0.673.

—

Figure 6.- Schlieren photographs of flow about an NACA 0012

airfoil in an open jet. +- = 0.04; u = OO.
,,

,’
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(e) M = 0-728.

.

(g) M = 0-758>

Fig. 6e-h

.-

(f) M = 0.757.

.. . .

(h) M = 00798,

FIELD, VA.
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Fig. 6i-1
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(i) M = 0.798.
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(j) M = 0.813.
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(k) M = 0.8f36.
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6m-pFig.

(m)M = 0.859. (n) M = 0.860.

(0) M = 0.873. (p) M = 0.873. ”
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(q) M = 0.9110

Fig. 6q-t

. .— ... .

(r)M =“0.912.

. .

(S) M = 0..964. (t) M = 0.967.

Figure6.- Concluded.
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FigureZ - SCheme for compu+ing veloci+ induced
a+ Culibro+ionorificesat and b by
imuges A, A’lB, and /3.
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FQUm 11.- Comparisonof dlstrlbutlonof Machnumber ML over m HACA0012airfoil
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